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The HIV-1 Nef protein is a pathogenic factor modulating the behavior of infected cells. Nef induces actin
cytoskeleton changes and impairs cell migration toward chemokines. We further characterized the morphology,
cytoskeleton dynamics, and motility of HIV-1-infected lymphocytes. By using scanning electron microscopy, confocal
immunofluorescence microscopy, and ImageStream technology, which combines flow cytometry and automated
imaging, we report that HIV-1 induces a characteristic remodeling of the actin cytoskeleton. In infected lymphocytes,
ruffle formation is inhibited, whereas long, thin filopodium-like protrusions are induced. Cells infected with HIV
with nef deleted display a normal phenotype, and Nef expression alone, in the absence of other viral proteins,
induces morphological changes. We also used an innovative imaging system to immobilize and visualize living
individual cells in suspension. When combined with confocal “axial tomography,” this technique greatly enhances
three-dimensional optical resolution. With this technique, we confirmed the induction of long filopodium-like
structures in unfixed Nef-expressing lymphocytes. The cytoskeleton reorganization induced by Nef is associated with
an important impairment of cell movements. The adhesion and spreading of infected cells to fibronectin, their
spontaneous motility, and their migration toward chemokines (CXCL12, CCL3, and CCL19) were all significantly
decreased. Therefore, Nef induces complex effects on the lymphocyte actin cytoskeleton and cellular morphology,
which likely impacts the capacity of infected cells to circulate and to encounter and communicate with bystander

cells.

Human immunodeficiency virus type 1 (HIV-1) mostly repli-
cates in T-cell areas of secondary lymphoid organs (SLOs) and
induces pathological changes in their architecture. Such changes
are likely due to a combination of events, including destruction of
T cells, chronic immune activation, and alteration of T-cell mo-
tility toward and inside the SLOs (27, 37, 50, 53). Indeed, to fulfill
their immune surveillance role, T cells continuously circulate in
and out of blood, lymph nodes (LNs), and tissues (60).

Lymphocyte recruitment from the bloodstream into LNs
depends on three distinct processes, i.e., attachment to high
endothelial venules (HEVs), extravasation, and cell migration
(10, 60). Adhesion to the endothelium and extracellular matrix
(ECM) is a crucial step, regulated in part by 1 integrins, a4p1
(VLA-4) and a5B1, that bind VCAM-1 and/or fibronectin (56).
Chemokines and their Gai-protein-coupled receptors are key
regulators of lymphocyte trafficking (32). For instance, CCL19
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and CCL21 are constitutively produced by HEVs and by fibro-
blastic reticular cells of T-cell areas of LNs (21, 28, 29). These
two chemokines share the receptor CCR7, expressed by naive
T cells and a fraction of memory T cells (47). They play a major
role in lymphocyte homing to LN, in steady state as well as
under conditions of inflammation, and may control T-cell po-
sitioning within defined functional compartments (1, 17, 18,
47). CXCR4 and its ligand CXCL12/SDF-1 also contribute to
T-cell entry into LNs (5, 23, 40). In addition, effector and
memory T cells express a broad range of receptors binding
inflammatory chemokines, such as the CCRS ligands CCL3
(MIPla), CCL4 (MIP1B), and CCLS (Rantes).

Efficient accomplishment of lymphocyte migration and im-
mune functions requires tight regulation of the cellular cy-
toskeleton (59). This is mediated by the small GTPases of the
Rho subfamily, such as Rho, Rac, and Cdc42 (11, 58). They
activate specific actin filament assembly factors to generate
sheet-like protrusive structures (such as lamellipodia and ruf-
fles) and finger-like protrusions (such as filopodia and mi-
crovilli) (6). These structures have different functions. Lamel-
lipodia and ruffles are formed during crawling cell motility and
spreading. Filopodia protrude from the leading edges of many
motile cells. They appear to perform sensory and exploratory
functions to steer cells, depending on cues from the environ-
ment (42). Moreover, filopodia, or other thin structures called
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tunneling nanotubes, have been shown to form intercellular
bridges, allowing viruses to spread through remote contacts
between infected cells and targets (44, 48, 49, 52).

HIV-1 hijacks cytoskeleton dynamics in order to ensure viral
entry and transport within and egress from target cells (34;
reviewed in reference 13). In particular, the viral protein Nef
modifies actin remodeling in various cell systems. In T cells,
Nef alters actin rearrangements triggered by activation of T-
cell (TCR) or chemokine receptors (22, 54). Nef inhibits im-
munological synapse formation, a dynamic process involving
rapid actin modifications (57). Nef also affects plasma mem-
brane plasticity, inducing secretion of microvesicle clusters
(33). In macrophages, Nef induces the extension of long inter-
cellular conduits allowing its own transfer to B cells (61). A
number of studies have reported that Nef affects T-cell che-
motaxis (generally to CXCL12) through the modulation of
Rho-GTPase-regulated signaling pathways (7, 24, 39, 54). Mi-
gration studies have generally been performed using Nef-ex-
pressing cells, and rarely in the context of HIV-1 infection (54).
From a molecular standpoint, it has recently been proposed
that Nef acts in part by deregulating cofilin, an actin-depoly-
merizing factor that promotes actin turnover and subsequent
cell motility (54).

In the present study, our goal was to gain further insights
into the effect of HIV-1 infection on cytoskeleton dynamics.
We used a panel of innovative techniques allowing analysis of
cell shape, adhesion, and motility. We report that in HIV-
infected lymphocytes, Nef promotes filopodium-like formation
while it inhibits membrane ruffling. Nef impairs cell adhesion
on the extracellular matrix and decreases intrinsic cell motility.
Lymphocyte migration toward various chemokines (CXCL12,
CCL3, and CCL19) is also inhibited. Our results suggest that
Nef may facilitate viral spread and contribute to AIDS patho-
genesis by manipulating the migration of lymphocytes.

MATERIALS AND METHODS

Cells, viruses, and infections. Jurkat cells (clone 20) and peripheral blood
mononuclear cells (PBMC) were grown in RPMI 1640 (Invitrogen) supple-
mented with 10% fetal calf serum (Sigma) and penicillin-streptomycin (100
1U/ml; Sigma). Primary CD4* T cells were isolated after negative sorting of
PBMC obtained by Ficoll gradient (Amersham Biosciences), using magnetic
beads (CD4* T-cell isolation kit II; Miltenyi Biotec). They were stimulated with
phytohemagglutinin (PHA) for 48 h and cultured with interleukin 2 (IL-2) (50
TU/ml; Chiron). Jurkat cells stably expressing actin-green fluorescent protein
(GFP) were obtained by transfection with a pcDNA3 construct containing a
chimeric enhanced GFP (EGFP)-human beta actin chimeric sequence controlled
by a cytomegalovirus (CMV) promoter described previously (3). The production
and use of wild-type (WT) and Anef HIV-1 NL4.3 and NLADS strains and WT
and mutant (G2A, PP76/79AA, and LL168/169AA) HIV-1 (SF2) Nef have been
described (15, 31). For HIV infection, cells were exposed to the indicated virus
(viral input, 5 to 20 ng p24/ml/10° cells) for 2.5 h, washed, seeded in 25-cm?
flasks, and used few days later.

Use of lentiviral vectors. The pHR'Nef lentiviral vector carrying the HIV LAI
(also termed R7) nef gene (under the control of the elongation factor la pro-
moter) was a kind gift from Didier Trono. The Nef G2A mutant was obtained as
described previously (51). Lentiviral vector particle production and the trans-
duction of Jurkat cells were performed as described previously (51).

Flow cytometry and confocal microscopy. Cell surface staining was performed
at 4°C for 30 min using monoclonal antibodies (MAbs) directed against the
following molecules: CD4 (13B8.2-allophycocyanin [APC]; Beckman Coulter);
CXCR4 and CCRS5 (12G5 and 2D7; NIH AIDS Research and Reference
Reagent Program); CCR7 (150503; R&D systems); and CD29, CD49d, and CD49%¢
(Immunotools). Gag p24 expression in infected cells was measured after perme-
abilization and intracellular staining with anti-Gagp24-fluorescein isothiocyanate
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(FITC) MADb (KC57; Coulter). Isotype-matched MAbs were used as negative
controls. Samples were analyzed by flow cytometry using a FacsCalibur (Becton
Dickinson) with FlowJo software. For immunofluorescence (IF) studies, infected
Jurkat cells were fixed in 4% paraformaldehyde (PFA) for 15 min, permeabilized
with phosphate-buffered saline (PBS)-0.2% bovine serum albumin (BSA)-0.05%
saponin, and stained with anti-Gag MAbs (25A and 18A; Hybridolabs, Pasteur)
or with anti-Nef MAb (MATGO020; Transgene [Strasbourg, France]) and with
rhodamine-phalloidin, a high-affinity probe for F-actin (Invitrogen). Confocal
microscopy analysis was carried out on a Zeiss LSM510 using a 63X objective. Z
series of optical sections were performed in 0.2- to 0.5-pm increments for
qualitative analysis. Green and red fluorescence were acquired sequentially to
prevent passage of fluorescence from one channel into the other.

Image Stream flow cytometer (Amnis). Uninfected WT- and Anef-infected
Jurkat cells were fixed, permeabilized, and stained with phalloidin-FITC (Mo-
lecular Probes, Invitrogen) and mouse anti-Gag Ab (25A and 18A; Hybridolabs,
Institut Pasteur), followed by anti-mouse Cy5 Ab (Jackson ImmunoResearch).
DAPI (4',6'-diamidino-2-phenylindole) (Invitrogen) was used to visualize cellu-
lar nuclei. Five thousand cells were acquired for each sample, and digital imaging
was performed on a multispectral imaging flow cytometer (ImageStream100;
Amnis Corporation, Seattle, WA). The data were analyzed using the manufac-
turer’s software (IDEAS; Amnis Corporation). Briefly, fluorometric compensa-
tion was digitally calculated based on single-stain controls. The single cells and
cells in focus were selected based on a digital plot of aspect ratio with area and
of the gradient root mean square (RMS) of bright-field images, respectively. An
object mask based on DAPI staining was created to define the nuclear region.
The apoptotic cells were excluded using an area of 40% threshold mask and
bright detail intensity R3 features, both calculated on the nuclear mask. Infected
cells (Gag™") and cells positive for phalloidin staining were identified by the
intensity of fluorescence signals. A morphology mask based on phalloidin stain-
ing was created to define cell shape. The algorithm used to separate cells by their
shapes included a calculation of symmetry 3 and circularity features on this
morphology mask. A digital plot of these two features enabled drawing of gates
to separate circular cells from cells bearing protrusions.

SEM. For scanning electron microscopy (SEM), cells were loaded on a poly-
lysine-coated coverslip and fixed with 0.1% glutaraldehyde (GA)-4% PFA in 0.1
M Sorensen buffer for 30 min at 4°C. The cells were then incubated successively
in PBS-0.25% NH,CI for 20 min and PBS-1% BSA for 30 min, followed by
incubation with anti-Gp120 Ab for 1 h. Subsequently, they were incubated for 1 h
with an anti-mouse Ab conjugated to 20-nm colloidal gold particles (British
Biocell International). The cells were fixed in 2.5% GA in 0.1 M cacodylate
buffer (pH 7.2) overnight at 4°C and postfixed for 1 h in 1% OsO, in 0.2 M
cacodylate buffer (pH 7.2). Samples were dehydrated, followed by critical-point
drying with CO,. The specimens were mounted on stubs with carbon tape and
ion sputtered with carbon using a Gatan 681 high-resolution ion beam coat.
Analysis of the secondary electron image (SEI) and backscattered images (YAG
detector) was performed on a JSM 6700F Jeol microscope with a field emission
gun operating at 5 kV. Images were acquired simultaneously from the upper
secondary electron detector and the YAG backscattered electron detector.

Three-dimensional (3D) imaging microscopy of living cells in suspension. We
used a novel methodological approach called “automation,” which allows visu-
alization and axial tomography of living Jurkat cells expressing actin-GFP. Cells
were resuspended in Cytocon buffer II (Evotec Technologies/Perkin Elmer) at a
final concentration of 10° cells/ml. Analysis was performed on single cells im-
mobilized in a cage by a dielectric field and then visualized by high-resolution
confocal microscopy as described previously (41).

Live imaging. The shapes of living Jurkat cells were analyzed on a microdish
(Ibidi, Germany) precoated with 10 pg/ml fibronectin (Sigma). Images were
acquired every 10 s for up to 15 min. Data acquisition was done on an Axiovert
200 M (Zeiss, Germany) equipped with an ultraview RS Nipkow spinning-disk
system (Perkin Elmer) and a camera (Hamamatsu Orca IT ER).

Adhesion assays. Cells were counted and distributed in 96-well plates (Greiner
BioOne) coated with fibronectin (10 wg/ml). After 30 min at 37°C, nonadherent
cells were removed and adherent cells were fixed, permeabilized, and stained
with phalloidin-FITC and Hoechst stain to visualize nuclei, as described for IF
studies. An automated high-content imaging system (Opera QEHS; Perkin
Elmer) was used to acquire images of entire wells. The evaluation of the total
number of cells per well was done using a dedicated software script (Acapella;
Perkin Elmer) outputting the number of objects found in the Hoechst channel.

Migration assays. Chemotaxis of Jurkat cells and activated CD4™ T cells was
measured by migration through a polycarbonate filter of 5-um pore size in
transwell chambers (Corning Costar, Lowell, MA). Cells (4 X 10% 150 pl) were
seeded in the upper chamber, and control medium or stimuli (250 pl of recom-
binant chemokines) were added to the lower chamber. In order to determine the
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optimal chemokine dose inducing T-cell migration, various concentrations were
tested. We obtained a dose-response curve for each chemokine, and experiments
were then performed using a dose below the plateau, e.g., CXCL12/SDF-1 (3
nM) and CCL19 and CCL3 (100 ng/ml) (R&D Systems). After incubation at
37°C, 10° beads (Beckman Coulter, Villepinte, France) were added to all lower
wells, and the number of cells for a given number of beads was determined by
flow cytometry. The values are given as the number of cells in the lower well/total
number of cells (7). In experiments with infected cells, Gag staining was per-
formed on cells before and after migration, and the data are represented as
percentage of migration of the Gag" and the Gag™ populations [% migration
(Gag™/Gag™) = migrated (Gag*/Gag~)/n (Gag*/Gag™)].

RESULTS

Nef alters cell shape and induces filopodia in HIV-1-infected
lymphocytes. We examined the shape of HIV-infected lym-
phocytes. Jurkat cells were infected with HIV NL4.3 (WT)
and analyzed 2 to 3 days later, when about 50% of the cells
expressed Gag antigens. Productively infected cells were
visualized by SEM after anti-Env immunogold staining and
detection of viral particles (Fig. 1A) or by confocal immuno-
fluorescence after Gag and actin staining (Fig. 1B). In control
noninfected cells, large ruffles, defined as actin-rich sheet-like
membrane protrusions, were visible. In contrast, HIV-infected
cells often displayed a round shape with fewer and smaller
ruffles. Moreover, infected cells emitted numerous filopodia,
finger-like protrusions that were generally adherent to the sub-
stratum.

To examine the role of Nef in cell shape changes, Jurkat
cells were infected with HIV with nef deleted (Anef). WT and
Anef HIV replicated similarly and led to the same levels of Gag
expression (reference 51 and data not shown) in Jurkat cells.
However, the shape and membrane-ruffling activity of Anef-
infected cells were apparently normal at day 3 postinfection
(p-i.) (Fig. 1A and B) and at earlier time points (not shown).

We quantified by visual examination the number of cells
presenting different types of protrusions (Fig. 1C). Nonin-
fected (NI) lymphocytes presented large ruffles (80% of the
cells) and rarely filopodia (10%). This repartition was similar
with Anef-infected cells: 70% of them displayed ruffles and
rarely filopodia (10%). In contrast, 40% of WT HIV-infected
cells formed no protrusions, and 25% expressed several filo-
podia. Similar results were obtained at different time points
after infection, suggesting that the changes were not due to a
pleiotropic viral cytopathic effect (data not shown).

The filopodia were frequently decorated with Gag™ spots
(Fig. 1B) (44) that likely corresponded to virions being trans-
ported to the tips of the cells. The filopodia also often estab-
lished contacts with neighboring infected or noninfected cells
(Fig. 1B and not shown). Nef localized as expected to the
plasma membrane and in a perinuclear region likely corre-
sponding to the Golgi apparatus and endocytic compartment
but was also detected inside these filopodia (Fig. 1D), confirm-
ing recent observations in macrophages (61). Therefore, the
presence of Nef in infected lymphocytes induces these cell
conduits, where the viral protein accumulates.

Nef exerts multiple activities involving various regions of
the viral protein. We examined which domains of Nef are
implicated in cell shape remodeling. Jurkat cells were in-
fected with HIV expressing either a WT Nef or proteins
carrying mutations either in the myristoylation domain (Nef
G2A), in the dileucine motif required for CD4 down-mod-
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ulation (Nef LL168/169AA), or in the SH3-like proline-rich
region modulating interaction with various kinases (Nef PP76/
79AA). We used recombinant HIV carrying the Nef SF2 allele (15).
Nef SF2 also induced rounding of the cell and the appearance of
filopodia (Sup. Fig. 1 at http:/Avww.pasteur.fr/ip/easysite/go/03b
-00003g-063/virus-and-immunity/supplemental-material). Mutations
of the myristoylation motif that affects Nef association with vesicular
and plasma membranes, and of the SH3-binding domain (PP76/
79AA), abolished cell shape modifications. In contrast, the LL168/
169AA mutant that no longer interacted with the cell-sorting ma-
chinery behaved like the WT protein (Sup. Fig. 1 at http://www
.pasteur.fr/ip/easysite/go/03b-00003g-063/virus-and-immunity
/supplemental-material). Thus, Nef-induced actin remodeling
is observed with different viral strains (NL43 and SF-2) and
requires association of the viral protein with cellular mem-
branes and the correct conformation of its SH3-binding
domain.

We then used an automated method to examine the mor-
phology of infected cells. The ImageStream system (Amnis)
combines flow cytometry with intracellular imaging and local-
ization of fluorescent molecules (36). It enables qualitative and
quantitative assessment of the morphology of a high number of
cells (a few thousand per sample). We first analyzed NI Jurkat
cells to define the parameters allowing the discrimination of
circular cells, with no protrusions, from those expressing
cellular protrusions or ruffles. Cells were fixed, stained with
phalloidin to visualize the actin cytoskeleton, and analyzed.
The gating strategy, as well as representative cells with
different morphologies, is depicted in the supplemental mate-
rial (Sup. Fig. 2 at http:/www.pasteur.fr/ip/easysite/go/03b
-00003g-063/virus-and-immunity/supplemental-material). This
technique allowed us to readily distinguish round cells from
those displaying ruffles on their surfaces. Filopodia could not
be visualized, probably because they are too thin and fragile.
We then compared the morphology of NI cells to that of HIV
WT- and Anef-infected cells at day 3 p.i. After fixation, Gag
staining allowed gating on infected cells (Fig. 2A). Examples of
the morphology of infected cells are shown in Fig. 2B. A
quantitative analysis confirmed that most NI cells, as well as
Anef-infected cells (about 80% of the cells), expressed ruffles,
whereas cells infected with WT HIV were circular (50%) or
formed protrusions (50%). Similar results were obtained at
earlier or later times postinfection (not shown). Of note, the
total amount of filamentous actin, assessed by measuring the
intensity of phalloidin staining (Fig. 2A), was not modified in
infected cells, strongly suggesting that Nef does not inhibit the
actin polymerization process.

The combined analysis of cell morphology by SEM, classical
confocal microscopy, and ImageStream indicated that Nef in-
creases the number of filopodia and inhibits ruffle formation,
highlighting the fact that Nef may regulate specific actin fila-
ment assembly pathways.

Nef is necessary and sufficient to induce filopodia. We asked
whether Nef, when expressed alone, is sufficient to modify
T-cell shape. To this end, Jurkat cells were transduced with
lentiviral vectors expressing WT Nef or the nonmyristoylated
Nef G2A mutant. Nef expression, monitored by IF, was ob-
served in more than 90% of cells (not shown). As expected, the
presence of WT Nef induced CD4 downregulation from the
cell surface (not shown). SEM and IF analyses indicated that
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FIG. 1. HIV-1 alters the shape of T lymphocytes through Nef expression. Shown are representative images of NI or HIV WT- or Anef-infected
Jurkat cells. (A) SEM images. HIV virions were stained with anti-Env MADb coupled to gold particles (appearing as white dots). Insets, higher
magnifications of cellular regions showing virus-like particles. (B) 3D reconstruction of confocal images. Cells were stained with phalloidin-
rhodamine (red) and anti-Gag MADb (green). (C) Cells without protrusions or with ruffles or filopodia were scored by visual counting under a
fluorescence microscope. The data are means plus standard deviations (SD) of four independent experiments, with a total of 415 NI, 337 HIV WT-,
and 296 HIV Anef-infected cells scored. Significance was assessed by the Mann-Whitney test (*, P < 0.05). (D) Nef accumulates in filopodia. Shown

is a 3D reconstruction of a representative confocal image. HIV-infected cells were stained with phalloidin-rhodamine (red) and anti-Nef MAb
(green).
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FIG. 2. Automated quantification of T-cell protrusions. Uninfected (NI) or HIV WT- or Anef-infected Jurkat cells were stained with anti-Gag
MAbs and with phalloidin. Nuclei were visualized with DAPI. Automated quantification of cell shape changes on gated cells was performed using
ImageStream technology. (A) Uninfected (Gag ™) or infected (Gag™") cells, 40.7% for HIV WT and 35.6% for HIV Anef, were gated and analyzed
by symmetry 3 and circularity features, as detailed in the supplemental material (Sup. Fig. 1 at http://www.pasteur.fr/ip/easysite/go/03b-00003g
-063/virus-and-immunity/supplemental-material). When plotted together, these two features enable identification and gating of circular cells versus
cells with protrusions. (B) Representative images of circular cells and cells with protrusions, identified in panel A. (C) Quantitative analysis of
images from these two populations was performed. The percentages of cells with protrusions and circular cells were quantified automatically with
IDEAS software. The data represent means and SD of five independent experiments.

ruffle formation was greatly reduced in Nef-expressing cells duced with a lentivirus encoding GFP (not shown) behaved
(from 80% to 20%), whereas filopodia were increased (from 5 like NT cells.
to 15%) compared to nontransduced (NT) cells (Fig. 3). In Filopodia and other thin membrane protrusions are rela-

contrast, cells expressing the G2A mutant (Fig. 3) or trans- tively sensitive to PFA fixation (46); therefore, we may under-
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FIG. 3. Nef inhibits ruffles and increases filopodia. (A and B) Representative images of NT Jurkat cells (left) and of cells transduced with
lentiviral expression vectors encoding the WT (middle) or the G2A mutant (right). (A) SEM images. (B) 3D reconstruction of confocal images.
Cells were stained with phalloidin-rhodamine (red) and anti-Nef MAD (green). (C) Cells without protrusions, with ruffles, or with filopodia were
scored by visual counting under a fluorescence microscope, with a total of 235 NT and 235 Nef WT- and 242 Nef G2A-expressing cells analyzed.
The data are means and SD of four independent experiments. Significance was assessed by the Mann-Whitney test (¥, P < 0.05). (D) High-
resolution 3D imaging of living cells in suspension. Actin-GFP Jurkat cells transduced with WT- or G2A Nef-expressing vectors were analyzed.
Nontransduced cells were used as controls. Representative images of cells with or without filopodia are shown. The data are means and SD of three
independent experiments, with about 60 cells analyzed for each condition. Significance was assessed by the Mann-Whitney test (*, P < 0.05).
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FIG. 4. Nef impairs T-cell adhesion to fibronectin. (A) Quantification. Jurkat cells, NT or transduced with Nef WT or GFP, were left adhering
to a fibronectin-coated surface for 30 min. The number of bound cells was determined with an automated system (Opera). The percentages of
adherent cells are shown. The data are means and SD of four independent experiments. (B) Visualization of cells by time-lapse videomicroscopy.
Control (left) and Nef-expressing actin-GFP (right) Jurkat cells were seeded on fibronectin-coated surfaces. The images are snapshots taken from
the supplemental movies (http://www.pasteur.fr/ip/easysite/go/03b-00003g-063/virus-and-immunity/supplemental-material) and are representative

of three independent experiments.

estimate their numbers in fixed Jurkat cells. We thus explored
the effect of Nef on T-cell shape in unfixed, living cells. We
used a novel methodological approach, which allows visualiza-
tion and axial tomography of living cells in suspension (41). A
single living cell is immobilized in a cage by an electric field and
then analyzed by high-resolution confocal microscopy. To vi-
sualize the shapes of the cells, we used Jurkat cells stably
expressing an actin-GFP fusion protein. By performing high-
resolution 3D imaging, we distinguished cells forming thin and
long membrane extensions from those in which these filopodia
were absent (Fig. 3D). Jurkat actin-GFP cells were then trans-
duced with lentiviral vectors encoding WT or G2A Nef, and
the presence of the viral protein was assessed by immunoflu-
orescence (not shown). We observed that more than 50% of
cells expressing WT Nef were forming filopodium-like struc-
tures, whereas this was the case in only 20% of NT or Nef
G2A-positive cells. The number and length of filopodia were
higher in unfixed living cells than in fixed cells, confirming that
these structures are fragile. Of note, this technique did not
allow the visualization of large ruffles, probably because the
cells are immobilized in suspension in an electric field.
Taken together, our results show that Nef by itself changes
the morphology of and induces filopodia in Jurkat cells.
Impact of Nef on T-cell adhesion to fibronectin. We asked
whether the reorganization of the actin cytoskeleton induced
by Nef resulted in impaired interaction of lymphocytes with the
extracellular matrix. We studied the ability of T cells, ex-
pressing Nef or GFP as a control, to adhere to fibronectin-
coated surfaces. The percentage of adhesion was calculated
by using an automated confocal microplate imaging reader

(Opera). Adhesion to fibronectin was reduced by 50% in Nef-
positive cells compared to NT or GFP-positive cells (Fig. 4A). Of
note, the inhibitory effect of Nef on cell adhesion was not due to
reduced surface expression of a4pfl (VLA-4) and o5B1 inte-
grins  (http:/www.pasteur.fr/ip/easysite/go/03b-00003g-063/virus
-and-immunity/supplemental-material, Fig. 3), which are known
to mediate cell binding to fibronectin.

We next examined the impact of Nef on the dynamic interac-
tions of T cells with fibronectin by performing real-time imaging
of living cells. Jurkat actin-GFP cells were transduced with
Nef or with a control vector. The cells were then plated on
coverslips coated with fibronectin and visualized by time-
lapse videomicroscopy. Images were acquired every 10s for
up to 15 min. Two representative examples are shown in
supplemental movie 1 (control cells) and movie 2 (Nef-expressing
cells) (http:/www.pasteur.fr/ip/easysite/go/03b-00003g-063/virus
-and-immunity/supplemental-material). Control cells were gener-
ally mobile and dynamically extended and retracted large ruffles
(Fig. 4B; see supplemental movie 1 [http:/www.pasteur.fr/ip
Jeasysite/go/03b-00003g-063/virus-and-immunity/supplemental
-material]). Nef-positive cells were less mobile. These cells
showed impaired ruffle formation and spreading, whereas
transient filopodium-like structures were visible (Fig. 4B;
see supplemental movie 2 [http://www.pasteur.fr/ip/easysite/go/
03b-00003g-063/virus-and-immunity/supplemental-material]),
confirming the results depicted above, obtained in fixed cells.
Therefore, Nef expression strongly reduces cell spreading and
adhesion to extracellular matrix.

Nef impairs intrinsic motility and CXCL12 chemotaxis of
Jurkat cells. The modifications of the actin cytoskeleton dy-



VoL. 84, 2010

medium

cellsin the lower well (%) >
e

0 T
NI GFP Nef WT Nef G2A

3=

2+

1

cells in the lower well (%) w

.

NI HIV WT

«Q

HIV Anef

O
—_
wn
(=]

]

100+

50+ *

relative % migration
*

é\ q)( 0_,’ x Q, ((Q s\ ’L’b
@ I, c]

¢ & ¢ &0 ¢ &
HIV WT HIV Anef

Nef INHIBITION, INDUCTION, AND MODULATION ACTIVITIES 2289
CXCL12
25
é
3T 201
S
5;3 15
o
s o \
£ N\
5L D
NI GFP Nef WT Nef G2A
_ 40-
3
dg’ 304
g
o 204
©
S
£ 104
2
I
0 T T T
gag + - o+ -
NI HIV WT HIV Anef
150+
=
'
S 100-
E
3
-,:'Ej 50- * *
o
[
0- N T T Ql A&\
é x . X . (7.3
O B » P & i
S A A &

HIV WT HIV Anef

FIG. 5. Nef alters T-cell intrinsic motility and chemotaxis to CXCL12 (SDF-1). Shown are transwell chemotaxis assays. Jurkat cells were placed
in the upper chamber of a transwell and medium or chemokines in the lower chamber. The percentages of T cells attracted to the medium after
4 h or to CXCL12 after 2 h were calculated. (A and B) Representative experiments. (A) Cells transduced with control GFP, Nef WT, or Nef G2A.
(B) Cells infected with HIV or HIV Anef. (C) The data were normalized to the percentage of migration of noninfected cells (100%). The means
and standard errors of the mean of four independent experiments are shown. Significance was assessed by a Mann-Whitney test (¥, P < 0.05).

namics are likely associated with altered movements of in-
fected cells. To explore the impact of Nef on T-cell motility, we
performed transwell migration assays. We first examined the
“intrinsic motility” of Jurkat cells, e.g., their ability to move in
the absence of stimuli. Jurkat cells expressing WT or G2A Nef,
or GFP as a control, were incubated in a transwell chamber for
4 h in medium without chemokines, and the fraction of cells
that migrated spontaneously across the membrane was mea-
sured. About 4% of nontransduced cells, or of control GFP-
expressing cells, moved during this time (Fig. SA). Nef-positive
cells were less motile, with a 4-fold decrease in the fraction of
cells spontaneously crossing the membrane (Fig. 5C). Nef
G2A-positive cells showed a slight decrease in migration (Fig.
5A and C). We then investigated if Nef affected chemotaxis
toward CXCL12 (SDF-1). To determine the optimal dose of
CXCLI12, we tested various concentrations of the chemokine

on Jurkat migration. We obtained a dose-response curve, and
experiments were then performed using a “subsaturating”
dose, e.g., a dose below the plateau.

The presence of CXCL12 strongly induced Jurkat migra-
tion, with 20% of the cells crossing the membrane in 2 h
(Fig. 5A). Nef inhibited CXCL12-induced chemotaxis (Fig.
5A), again with a 4-fold decrease in migration (Fig. 5C). As
for intrinsic motility, control GFP-expressing cells moved
normally, whereas Nef G2A slightly impaired Jurkat cell
motility (Fig. S5A and C).

We next studied the effect of Nef on lymphocyte migration
in the context of infected cells. To this end, Jurkat cells were
infected at similar levels with WT or Anef HIV. The percent-
age of Gag™ cells was then determined by fluorescence-acti-
vated cell sorter (FACS) analysis before and after migration in
the lower chamber, allowing quantification of the migration of
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FIG. 6. Nef inhibits chemotaxis of primary T cells to CXCL12, CCL19, and CCL3 in transwell chemotaxis assays. Blasts were placed in the
upper chamber of a transwell and medium or chemokines in the lower chamber. The percentages of T cells attracted to the lower chamber after
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independent experiments. Significance was assessed by a Mann-Whitney test (¥, P < 0.05).

both infected (Gag") and NI (Gag™) populations. With the
WT virus, migration of Gag"' cells toward the medium or
toward CXCL12 was drastically decreased compared to NI or
Anef-infected cells (Fig. 5B and C). Interestingly, the Gag-
negative cells present in the population of WT or Anef-infected
cells migrated normally (Fig. 5B and C), indicating that HIV
does not significantly affect the motility of bystander nonin-
fected cells.

Altogether, these results indicate that Nef, expressed alone
or in the context of infection, strongly inhibits intrinsic motility
and CXCL12-induced T-cell migration.

Nef impairs the motility of primary CD4* lymphocytes. We
then measured the motility of HIV-infected primary CD4™"
lymphocytes. Primary lymphocytes, but not Jurkat cells, ex-
press CCR7 (the receptor for CCL19 and CCL21) and CCR5
(the receptor for CCL3, CCL4, and CCL5). CD4" lympho-
cytes were infected with WT or Anef HIV (strain NL43), and 2
to 3 days later, when about 15 to 40% of the population
expressed Gag antigens, we measured chemotaxis toward
CXCL12, CCL19, and CCL3. HIV-1 infection did not modify
CXCR4, CCR7, or CCRS5 surface levels (not shown). The
motility of primary CD4™" cells is higher than that of Jurkat
cells. We thus performed 1-h transwell migration assays. Un-
der these conditions, using subsaturating doses of chemokines,
we could observe T-cell chemotaxis toward CXCL12, CCL19,
and CCL3 (20%, 50%, and 50%, respectively, of the cells
migrated, whereas only 10% of the cells migrated in medium
alone).

The results from seven different donors are compiled in Fig.
6. We first verified that noninfected cells responded to the

chemokines. We observed a 2- to 5-fold increase in cell migra-
tion, depending on the chemokines (not shown). We then
examined the intrinsic motility of infected cells. In the absence
of any chemokines, migration was reduced in cells infected
with WT HIV and not in cells infected with Anef HIV, which
behaved like noninfected cells (Fig. 6). Similarly, HIV infec-
tion impaired chemotaxis toward CXCL12, CCL19, and CCL3,
only in the presence of Nef (Fig. 6).

Altogether, these results indicate that Nef inhibits intrinsic
motility, as well as migration toward various chemokines
(CXCL12, CCL19, and CCL3), in Jurkat cells and in primary
lymphocytes.

DISCUSSION

We explored the effect of HIV-1 on the shape and motility
of CD4™ T cells by combining various techniques (scanning
electron microscopy, immunofluorescence confocal micros-
copy, automated flow cytometry imaging with the Amnis ap-
paratus, and live-cell imaging). We reported that HIV-1,
through expression of Nef, profoundly alters the morphology
of infected T cells. Nef decreases ruffle protrusions but pro-
motes the formation of filopodium-like structures. The total
amount of F-actin is apparently not modified by Nef, as as-
sessed by Amnis analysis, suggesting that the viral protein does
not inhibit polymerization but rather alters actin remodeling.
Nef likely modulates regulators of actin assembly pathways,
leading to the formation of these long, thin membrane exten-
sions instead of ruffles. It has been suggested that ruffle for-
mation involves Arp2/3 complex-generated dendritic networks
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while filopodia assemble by “convergent elongation” of actin
filaments (6). We can speculate that Nef alters the formation
of ruffles through interaction with Arp2/3, promoting the for-
mation of unbranched actin filaments, leading to filopodium
extension. The phenotype induced by Nef is indeed reminis-
cent of that observed in Arp2-depleted lymphocytes (35),
which exhibit defects in ruffle assembly and remain covered
with finger-like protrusions. To better understand how these
morphological changes are induced, we used HIV-1 expressing
Nef proteins mutated in different functional domains (15). The
effect of Nef is dependent on its myristoylated motif and SH3-
binding domain. Myristoylation, and hence membrane associ-
ation, is required for most known activities of Nef. The proline-
rich SH3-binding domain is involved in Nef association with
Vav, DOCK2-ELMOV1, and Pak2 (p21-activated kinase 2) and
Nef-induced activation of Rac and Pak2 (14, 22, 24, 30). Pak2
activation promotes phosphorylation of cofilin (54) and has
been proposed to mediate Nef-induced inhibition of actin re-
arrangements (22, 54). It will be worthwhile to determine, by
using a large panel of Nef mutants, the domains of Nef re-
sponsible for filopodium induction, as well as to identify the
actin regulators involved, such as Pak2 and Arp 2/3.

The filopodium development induced by Nef may enhance
communication and the exchange of cellular or viral materials
between infected lymphocytes and bystander cells and may
facilitate viral transfer to other cells. HIV-1 efficiently propa-
gates through cell-to-cell contacts, mainly through virological
synapse and polysynapse formation, and also by establishing
remote connections via filopodial bridges or nanotubes (25, 44,
48, 52). Cell-to-cell viral spread is dependent on actin rear-
rangements (26, 44). HIV-1 infection of macrophages also
enhances filopodium formation and transfer of Nef to neigh-
boring B cells via long-range intercellular conduits (12, 61, 45).
We showed here that Nef is also found within T-cell filopodia,
suggesting it could be similarly delivered from infected lym-
phocytes to bystander immune or nonimmune cells. Interest-
ingly, Nef transfer between T cells may also occur through
exchange of microvesicles or patches of plasma membrane
(33). Altogether, these results indicate that Nef uses various
means to perturb intercellular communication networks.

We further documented the consequences of Nef expression
for actin-dependent processes by studying adhesion to extra-
cellular matrix. We showed that Nef expression reduces T-cell
adhesion to fibronectin-coated surfaces. After binding to fi-
bronectin, Nef-expressing T cells displayed impaired ruffling
activity and spreading, as visualized by real-time imaging. Nef
does not alter surface expression of a4B1 and a5B1 integrins
that bind fibronectin. Adhesion of T cells to the extracellular
matrix is controlled by a modulation of the affinity of inte-
grins and involves actin cytoskeleton rearrangements and
cell spreading (43). Rac and Lck regulate integrin-mediated
spreading and adhesion of T cells (9, 16, 19). The intracellular
distribution of Lck is modified by Nef (57). The adhesion
defect of T cells may thus in part result from Nef-induced
perturbation of Lck and Rac proteins (4, 24). The impaired
adhesion to fibronectin suggests that infected lymphocytes may
not correctly bind to HEV, the first step of the extravasation
process, and helps to explain why transendothelial migration of
Nef-expressing cells is decreased in culture systems (39). It will
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be worthwhile to further study the interaction of infected lym-
phocytes with endothelial cells.

We demonstrated here that Nef inhibits the intrinsic motility
of infected T cells. Lymphocytes move by a mechanism that
involves contractility of the actomyosin cortex (38, 59). Our
results suggest that Nef globally alters this process, probably as
a consequence of the morphological changes described above.
We also reported, using Nef-transduced or HIV-infected Jur-
kat cells, that Nef inhibits T-cell chemotaxis toward CXCL12,
thus confirming previous reports (7, 24, 39, 54). We extended
these observations by showing that primary lymphocyte motil-
ity toward a variety of chemokines controlling homing to LNs
(CXCL12, CCL19, and CCL3) is also impaired. A recent work
indicated that Nef inhibits morphological changes induced by
chemokines, providing a link between actin rearrangements
induced by Nef and inhibition of motility (54).

The viral envelope glycoprotein (gp120) also interferes with
chemokine-receptor or CD4 signaling pathways (2, 20, 62).
The combined effect of Nef and Env on the behavior and
motility of lymphocytes in culture experiments is probably
highly relevant to the in vivo situation. Studies of the dynamics
of HIV-1 infection in lymphoid tissues, after initiation of an-
tiretroviral therapy, identified two populations with different
turnovers: activated CD4" T cells (with a half-life [¢,,,] of 1 to
2 days) and resting or low-level-proliferating T cells (¢,,, = 14
days) (8, 50), which constitute a long-term reservoir. Expres-
sion of Nef in acutely infected activated cells, but also in these
long-living T cells, could modulate their migration capacity.
During chronic HIV infection, LNs are often enlarged and
inflammatory and are characterized by dramatic lymphocyte
sequestration (27). In monkey lymphoid tissues, WT simian
immunodeficiency virus (SIV)-infected and Anef SIV-infected
cells accumulate in different zones (55), suggesting that Nef
may affect cell migration in vivo. T cells, once infected by HIV
within LNs, might display defective migration properties,
which could explain their sequestration, as well as their differ-
ent localization, within these organs. In summary, Nef displays
complex effects on the lymphocyte actin cytoskeleton and cel-
lular morphology, which likely impact the capacity of infected
cells to recirculate and to encounter and communicate with
antigen-presenting cells (APCs) and other cells and to dissem-
inate infection.
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